Adiponectin, the most abundant peptide secreted by adipocytes, is involved in the regulation of energy metabolism and vascular physiology. Here, we have investigated the effects of exogenous administration of adiponectin on metabolism, vascular reactivity and perivascular adipose tissue (PVAT) of mesenteric arteries in Wistar rats fed a high-fat diet.
Introduction
The worldwide prevalence of obesity has increased significantly in recent years. Currently, obesity is thought to initiate a state of chronic inflammation which, if unresolved, potentially causes cardiovascular disease (Lumeng and Saltiel, 2011) .
Perivascular adipose tissue (PVAT), because of its location surrounding blood vessels, plays a prominent role as a paracrine regulator of vascular function. This includes the secretion of metabolically active adipokines, chemokines and hormone-like factors, such as leptin, adiponectin and resistin, free fatty acids (FFA) and vasoactive substances (Ouwens et al., 2010; Szasz and Webb, 2012) . As with visceral adipose tissue, PVAT mass increases with obesity and exhibits macrophage infiltrates and paracrine dysfunction (Virdis et al., 2015) . PVAT has been implicated in the pathogenesis of vascular dysfunction particularly in vessels commonly surrounded by adipose tissue such as mesenteric arteries. Interestingly, superoxide released by the vasculature and adiponectin released by 'healthy' PVAT appear to balance each other, suggesting a counter-regulatory protective mechanism (Antonopoulos et al., 2015) .
Ageing also leads to changes in adipose mass and function (Preis et al., 2010) with elevated production of some adipokines and decreased adiponectin levels (Fernandez-Real et al., 2003) . Adipokines have been shown to influence metabolism, coagulation, inflammation and vascular reactivity (Nakamura et al., 2014) . Hypoadiponectinemia has been closely associated with obesity and metabolic syndrome (Weyer et al., 2001) and linked with reduced endotheliumdependent dilatation and cardiovascular disease (Ouchi et al., 2003; Shimabukuro et al., 2003; Tan et al., 2004) , predicting endothelial dysfunction.
Adiponectin performs many biological functions, including the regulation of fatty acid and glucose metabolism (Yamauchi et al., 2001; Berg et al., 2002) . It also improves insulin resistance exhibiting insulin-sensitizing properties, and a reduced production of adiponectin is closely coupled to insulin resistance (Kadowaki et al., 2006; Zhu et al., 2008) . At the cellular level, adiponectin is known to have antiinflammatory and anti-atherogenic effects, increasing bioavailability of endothelial NO (Zhu et al., 2008; Hui et al., 2012) . The beneficial effects of adiponectin on the vasculature have been described both in clinical and animal model studies (Zhu et al., 2008) . In vitro, adiponectin protects against vascular dysfunction through its actions in almost all the major types of cells in the vasculature (Zhu et al., 2008) . Despite the described beneficial effects in vascular homeostasis, hyperadiponectinemia has been associated with increased cardiovascular mortality in patients with cardiac heart failure (Nakamura et al., 2006) . Thus, further studies are required to understand if this peptide can be considered a therapeutic agent.
Adiponectin is an important vasoactive regulator, and its role in the modulation of PVAT properties in obesity remains unexplored. Based on these observations, we sought to investigate the effects of chronic adiponectin treatment on the PVAT phenotype in 12 month old Wistar rats fed a high-fat diet (HFD). Additionally, we have studied its effects on endothelial function, oxidative stress and activation of endothelial NO synthase (eNOS) in the mesenteric arteries of HFD rats. We evaluated endothelial-dependent and independent vascular relaxation, together with the inflammatory profile of the PVAT of mesenteric arteries and these variables were correlated with endothelial dysfunction.
Methods

Animals
All animal care and experimental procedures were in accordance with the Portuguese Law on Experimentation with Laboratory Animals, which is based on the principles of laboratory animal care, as adopted by Directive 2010/63/EU for animal experiments. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . Adult male Wistar rats were obtained from the local breeding colony in Faculty of Medicine of Coimbra (Portugal). Control animals were fed, ad libitum, with a standard commercial pellet chow (Diet AO3-Panlab). Six-month-old rats (W6m) served as a young model of non-obese rats. At 8 months old, rats were divided in two groups, the first comprising 12-month-old Wistar rats (W12m) was maintained with standard diet AO3 (5% of triglycerides and 45% of carbohydrates, SAFE, France), while the second one was maintained with the HFD (40% of triglycerides and 10% of carbohydrates, 231 HF, SAFE, France) for 4 months. This second group was subsequently divided into three subgroups: A group of rats was treated during the last 28 days with globular adiponectin (2.7 mg: 
Determination of metabolic and oxidative stress parameters
After a 15 h fast, animals were anaesthetized with ketamine/chlorpromazine and killed by decapitation. Blood was taken by heart puncture for determination of lipids and FFA levels. For glucose tolerance tests, rats were fasted overnight and were injected with glucose (i.p.; 1.75 g·kg À1 )
in PBS. Blood glucose was determined by sampling from the tail vein at 0, 30, 60 and 120 min after injection by a glucose-oxidase method using a glucometer (GlucometerElite-Bayer, Portugal S.A.) and compatible reactive test strips. Lipids (total and HDL cholesterol and triglycerides) were quantified using commercially available kits. Plasma FFA levels were evaluated using enzymic assay kits (Roche Applied Science, Portugal) as previously (Sena et al., 2011) . Serum concentrations of adiponectin and leptin were determined by ELISA using the Rat Adiponectin Immunoassay Kit and the Rat Leptin Immunoassay Kit (Invitrogen) respectively.
Isometric tension studies
Segments of second order superior mesenteric artery (approx. 200 μm external diameter) were trimmed free of fat and adhering connective tissue and mounted in a myograph according to the technique of Mulvany and Halpern (1977) . Isometric tension was recorded and collected by a PowerLab data acquisition system (ADInstruments, UK) and recorded on a computer using the LabChart 7 data acquisition and analysis software (ADInstruments, UK). Segments were allowed to equilibrate for 30 min in modified Krebs-Henseleit solution (composition in mM: NaCl 119, KCl 4.7, CaCl 2 1.6, MgSO 4 1.2, NaHCO 3 25, KH 2 PO 4 1.2, glucose 11.0), maintained at 37°C and gassed with 5% CO 2 in air. Each vessel was placed under a stretch equivalent to the in vivo arterial blood pressure in each individual rat according to the technique of Mulvany and Halpern (1977) . Tissue contractility was assessed by exposure to KCl (125 mM) and then cumulative concentration-response curves were obtained to phenylephrine (0.1-30 μM). Tissues were allowed to re-equilibrate for 30 min. The mesenteric rings were then used to study the response to one of the following agents: relaxation was assessed in response to either ACh (10 À9 to 10 À6 M), with or without indomethacin (10 μM) or sodium nitroprusside (SNP, 10 À9 to 10 À3 M).
Relaxation responses were obtained following precontraction with phenylephrine to approximately 50% of the maximum as determined from the phenylephrine concentration-response curve. In a second series of experiments using mesenteric artery segments, the acute effects of NO synthase inhibition were assessed using L-NAME. Responses to ACh were obtained as above and subsequently repeated in the presence of L-NAME (300 μM). Relaxation responses to ACh and SNP were expressed as percentage of relaxation from a submaximal phenylephrineinduced contraction, and concentration-response curves were obtained as previously described (Sena et al., 2008; .
Detection of superoxide anions
Unfixed. frozen sections (6μm) of arteries were incubated with DHE (2 × 10 À6 M) in PBS for 30 min at 37°C in a humidified chamber protected from light. DHE is oxidized on reaction with superoxide anions to ethidium bromide, which binds to DNA in the nucleus and fluoresces red (Sena et al., 2011) . For ethidium bromide detection, images were obtained with a fluorescence microscope (Leica DMIRE200, Wetzlar, Germany). Fluorescence was detected with a 568 nm filter. Arteries were processed and imaged in parallel with identical settings. Microscope and camera settings were kept constant for all preparations. Fluorescence was quantified using ImageJ (1.40 g, NIH).
Assessment of mesenteric immunofluorescence
Sections (6 μm) of mesenteric arteries were washed with PBS and fixed in ice-cold acetone, for 10 min. Sections were then permeabilized for 10 min in 1% Triton X-100 in PBS, pH 7.4, and blocked with 10% goat serum, for 30 min. Primary antibodies were diluted in PBS containing 0.02% BSA (PBS/ BSA). The primary antibodies were added, and the sections were incubated overnight at 4°C. After incubation, the sections were extensively washed with PBS/BSA solution. After, sections were incubated with the secondary antibodies, diluted in PBS/BSA for 1 h. The coverslips were washed before mounting with Glycergel Dako mounting medium (Dako, Carpinteria, CA, USA). Immunostained mesenteric sections were visualized with a Leica DMIRE200 fluorescence microscope. Immunostained mesenteric sections were counterstained with DAPI and examined, photographed and quantified as previously (Sena et al., 2011) .
Western blot analysis
PVAT was washed with cold PBS and chilled in buffer containing in mM: Tris-HCl 50, NaCl 150, EDTA 1, EGTA 0.1, as well as NP-40, 0.1%, SDS 0.1% and deoxycholate 0.5%. Phenylmethylsulfonyl fluoride (1 mM), aprotinin (10 μg·mL À1 ), leupeptin (10 μg·mL À1 ) and pepstatin (10 μg·mL À1 ) all from Sigma Chemicals (St. Louis, MO, USA)
were added as protease inhibitors. Tissues were homogenized in a standard fashion, followed by centrifugation at 14000× g for 20 min at 4°C. The supernatants were collected, and total protein concentration was determined. Samples containing 20 μg of protein were loaded on to 12 or 15% SDS-PAGE gel, run and electroblotted onto polyvinylidene difluoride membrane. Prestained molecular weight marker proteins BJP C M Sena et al.
were used as standards for the SDS-PAGE. A Ponceau stain was performed to check the quality of the transfer and to ensure equal protein loading. Blots were blocked in 5% skimmed nonfat milk in PBS for 1 h, treated overnight with antibody against leptin, lipocalin-2, CCL2 or CCL5 and then incubated with alkaline phosphatase secondary antibodies for 1 h. Immunoblots were developed with an ECF Western blotting detection system (Amersham Biosciences). Protein content was determined using a Pierce protein assay kit.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All data were analysed by standard computer programs (GraphPad Prism PC Software version 3.0, ANOVA) and are expressed as mean ± SE (n = 11 individual animals per group). Significant differences were evaluated using either the t-test or ANOVA. P < 0.05 was considered significant. Dose-response curves were fitted by non-linear regression with simplex algorithm. Relaxation responses are expressed as the percentage of phenylephrineinduced pre-contraction. Comparisons of dose-response curves were evaluated by two-way ANOVA for repeated measures followed by Bonferroni post hoc test for individual comparisons.
Materials
Adiponectin was obtained from Hitag® Biotechnology (Cantanhede, Portugal) (Matafome et al., 2014) . Phenylephrine, ACh and N-nitro-L-arginine-methyl ester (L-NAME) were obtained from SIGMA (St. Louis, MO, USA). Antibodies against eNOS, phosphorylated eNOS (p-eNOS) and nitrotyrosine were obtained from Cell Signaling Technology (Danvers, MA, USA) and Upstate Biotechnology (Lake Placid, NY, USA) respectively. Antibodies against CCL2, β-actin, CCL5, lipocalin-2 and leptin were obtained from Chemicon International Inc. (Temecula, CA, USA) and Abcam plc (Cambridge, UK), whereas rat adipokine array kit, dihydroethidium (DHE), Rat Adiponectin and Leptin Immunoassay Kits were obtained from R&D Systems and Invitrogen (Barcelona, Spain) respectively. All other chemicals and reagents used in the study were of high grade and obtained from Merck Darmstad (Germany).
Results
Animal characteristics
Age-matched Wistar rats used in our experiments exhibited similar body weight at the beginning of the study. Food consumption and water intake did not significantly change over the experimental period between the different groups studied (data not shown). At the end, body weight was significantly higher in HFD rats compared with agematched Wistar rats and adiponectin treatment significantly decreased this parameter (Table 1) . Glycaemia, 2 h after glucose load and AUC in intraperitoneal glucose tolerance test (IPGTT) and FFA were elevated in HFD and HFDV rats when compared with age-matched Wistar rats and with the young W6m rats ( Figure 1A -D). Treatment with adiponectin for 28 days effectively reduced blood glucose (fasting and AUC in IPGTT) and circulating concentrations of FFA ( Figure 1 and Table 1 ). Total and non-HDL cholesterol were significantly higher in W12m, HFD and HFDV rats when compared with W6m rats. Treatment with adiponectin reduced total cholesterol levels. Triglycerides did not significantly change between the different groups studied (Table 1) .
NO-dependent vascular relaxation in rat mesenteric arteries
W12m rats exhibited decreased endothelial-dependent vasorelaxation in response to maximal ACh concentrations, compared with W6m rats (Figure 2A ). HFD in 12-month-old rats exhibited impaired endothelium-mediated relaxation of phenylephrine-precontracted mesenteric arterial rings in response to ACh, compared with age-matched W12m rats, with the maximal endothelium-mediated relaxation to ACh decreasing by~60% in HFD and HFDV groups (Figure 2A ). The endothelium-independent relaxations to SNP were also Data are expressed as mean ± SE (n = 11 animals in each group). *P < 0.05, significantly different from W6m rats; § P < 0.05, significantly different from W12m rats; φ P < 0.05, significantly different from HFD rats; Δ P < 0.05, significantly different from HFDV rats.
Adiponectin improves endothelial dysfunction BJP impaired in both HFD and HFDV groups, with maximal relaxations and vascular sensitivity being decreased ( Figure 2B , Table 2 ). Preincubation of the arterial rings with the NOS inhibitor L-NAME and the cyclooxygenase inhibitor indomethacin almost completely abolished relaxation to ACh in Wistar rats (data not shown). Treatment with exogenous adiponectin normalized endothelium-dependent vascular relaxation during the HFD (Figure 2A ) and ameliorated endothelium-independent relaxation. Detailed data on maximal relaxations and EC 50 values are summarized in Table 2 . These results indicated that treatment with adiponectin for 28 days normalized this index of endothelial function in the HFD group.
Oxidative stress in the vascular wall
We determined the potential impact of adiponectin on the generation of superoxide in the vasculature, as assessed by DHE. Interestingly, the aged rats (W12m) had a twofold increase in superoxide production in mesenteric arteries compared with the young W6m rats ( Figure 3B , K). Superoxide levels were also about two-fold higher in the mesenteric arteries of the HFD rats compared with the agematched W12m rats ( Figure 3C , K). Adiponectin treatment reduced superoxide production in the HFD rats ( Figure 3E , K). Similarly, L-NAME (300 μM) reduced superoxide levels in this group of rats (data not shown). Accordingly, we sought to investigate whether the enhanced production of superoxide in mesenteric arteries of HFD rats was associated with peroxynitrite formation and the nitration of tyrosine residues. W12m rats also had increased immunoreactive nitrotyrosine levels in their mesenteric arteries, suggesting increased peroxynitrite-mediated protein oxidation ( Figure 3G, L) . The high-fat diet groups (HFD and HFDV) showed increased nitrotyrosine staining ( Figure 3H , I, L), which was reduced by adiponectin in the HFDA rats ( Figure 3J , L).
Phosphorylated and total eNOS in mesenteric arteries
The levels of phosphorylated eNOS at Ser 1177 (p-eNOS) is an indicator of eNOS activity. We measured p-eNOS and total
Figure 1
Effects of HFD and adiponectin on blood glucose levels during an IPGTT (A), AUC of IPGTT (B), fasting glycaemia (C) and plasma FFA (D) in W12m rats, compared with W6m rats. Blood glucose and FFA levels were determined at the end of treatment in all experimental groups [W6, W12m, HFD, HFDV or adiponectin (HFDA)]. The blood glucose was determined using a blood glucose monitoring system at 0, 30, 60 and 120 min after the glucose injection. Results are mean ± SE (n = 11 animals in each group). *P < 0.05, significantly different from W6m group; §P < 0.05, significantly different from W12m group; φP < 0.05, significantly different from HFD group; ΔP < 0.05, significantly different from HFDV group.
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eNOS in the mesenteric arteries by immunofluorescence and found that p-eNOS and the ratio of p-eNOS/total eNOS were decreased in aged rats in all groups (W12m, HFD and HFDV), compared with young W6m rats ( Figure 4B-D, F) . Adiponectin significantly increased p-eNOS and the ratio of p-eNOS/total eNOS in endothelium of the HFD rats ( Figure 4E, F) .
Inflammation biomarkers
Given the recent importance of PVAT in obesity vascular function, we next focused on local adipokines present in this tissue. PVAT leptin levels were increased in aged rats (W12m, HFD and HFDV) compared with W6m rats. HFD increased PVAT leptin levels, and adiponectin treatment decreased these levels ( Figure 5B, C) . Additionally, systemic leptin levels (Table 1 ) and the systemic leptin to adiponectin ratio (L/A) were increased in HFD fed rats (HFD and HFDV), and adiponectin also reduced these increases ( Figure 5A , Table 1 ). Systemic levels of adiponectin did not significantly change between the different groups studied (Table 1) . PVAT is the primary contributor to vascular inflammation due to both its proximity to the blood vessel wall and its proinflammatory properties (Chatterjee et al., 2009 ). So we focused on evaluating other inflammatory mediators present in PVAT that surrounded mesenteric arteries of the different groups. Levels of the chemokines CCL2, one of the earliest molecular markers of vascular inflammation in atherogenesis (Piga et al., 2007) , and of CCL5, a marker of atherosclerosis progression, were significantly increased in PVAT of aged rats (W12m, HFD and HFDV), compared with W6m rats (Figure 6 Figure 2 Effects of HFD and adiponectin treatment on relaxant responses to ACh (A) and sodium nitroprusside (B) in segments of mesenteric arteries from W12m rats, compared with W6m rats, after phenylephrine precontraction. Relaxation was measured using an isometric force displacement transducer in all groups including HFD treated with HFDV or adiponectin (HFDA). Data are expressed as mean ± SE (n = 11, 22 vascular ring preparations in 11 animals per group). *P < 0.05 significantly different from W6m group; §P < 0.05, significantly different from W12m group; φP < 0.05, significantly different from HFD group; ΔP < 0.05, significantly different from HFDV group. Table 2 Effects of HFD and of adiponectin on the maximal relaxation responses (%) and pEC 50 for ACh or SNP. Data obtained in segments of mesenteric arteries from W6m and W12m rats. Data are expressed as mean ± SE (n = 11 animals in each group). pEC 50 values are the negative logarithm (ÀlogEC 50 ) of the EC 50 of the agonist shown. *P < 0.05, significantly different from W6m rats; § P < 0.05, significantly different from W12m rats; φ P < 0.05, significantly different from HFD rats;
A-D). HFD increased these chemokines, and adiponectin administration attenuated these inflammatory markers in the PVAT (Figure 6A-D) . We also evaluated PVAT levels of lipocalin-2, another proinflammatory adipokine whose expression and secretion is induced in obesity and insulin resistance in mouse and humans (Wang, 2012) . Levels of lipocalin-2 in PVAT were increased in aged rats (W12m, HFD and HFDV), compared with those in W6m rats ( Figure 7A, B) . HFD increased lipocalin-2 levels, and adiponectin administration attenuated this inflammatory marker in the PVAT (Figure 7A, B) .
Discussion
Adiponectin is one of the first described adipokines known to be dysregulated in obesity. We have demonstrated for the first time, that treatment with exogenous adiponectin improved the pro-inflammatory PVAT phenotype present in obesity.
Concomitantly, this effect was associated with an increased eNOS phosphorylation and a decreased oxidative stress, leading to normalized endothelial dysfunction in the mesenteric arteries.
Obesity is associated with elevated levels of oxidative stress, inflammation and endothelial dysfunction both in humans and animal models (Iantorno et al., 2014) . Feeding a HFD promoted this phenotype in normal Wistar rats. Furthermore, adiponectin treatment reduced oxidative stress as well as PVAT inflammation observed in this animal model, and these actions were associated with a recovery in endothelial function in mesenteric arteries.
Ageing is also related to endothelial dysfunction (Herrera et al., 2010) . In agreement, we have observed that the W12m rats had impaired endothelium-dependent vascular relaxation in response to higher ACh concentrations. compared with the younger W6m rats.
In W12m rats fed with HFD (the HFD group), blood glucose, triglyceride, cholesterol and FFA levels were
Figure 3
In situ detection of superoxide (A-E) and nitrotyrosine levels (F-J) in rat mesenteric arteries. Representative DHE-stained mesenteric artery sections reflect production of superoxide (A-E) with the different treatments. The endothelium is facing up in all layers. At identical settings, fluorescence in sections from W12m rats (B) was increased compared those from W6m rats (A). Note the markedly increased fluorescence, reflecting superoxide levels in the endothelium, intima and media of HFD rats (HFD and HFDV; C and D respectively). Fluorescence decreased to basal levels (as in W6m rats) in the adiponectin (HFDA)-treated group (E). Panel (K) shows quantification of the fluorescence ethidium signal in the different groups of arteries. Representative mesenteric sections showing nitrotyrosine staining (F-J), indicative of increased peroxynitrite formation, in W6m (F), W12m (G), HFD (H), HFDV (I) and HFD treated with adiponectin (HFDA; J) rats. Panel (L) contains quantification of the green fluorescence in the different groups of arteries. Data are mean ± SE (n = 11 animals per group). *P < 0.05, significantly different from W6m group; §P < 0.05, significantly different from W12m group; φ P < 0.05, significantly different from HFD group; ΔP < 0.05, HFDV group.
increased, relative to those in the W6m rats. Adiponectin did not improve the triglyceride levels but it did decrease body weight, total cholesterol and FFA as well as fasting glucose and AUC of IPGTT which can partly explain the beneficial effects on vascular function. These results are consistent with other studies that have reported that adiponectin is an important metabolic regulator (Yamauchi et al., 2001; Berg et al., 2002) .
Several reports have suggested the independent association between serum levels of adiponectin and endotheliumdependent vasodilatation (Shimabukuro et al., 2003; Ouchi et al., 2003; Tan et al., 2004) . Ex vivo incubation with adiponectin improved endothelial function in aortas of hyperlipidaemic rats by lowering oxidative stress (Li et al., 2007) and overexpression of adiponectin alleviated the atherosclerotic lesions in apolipoprotein E knockout mice (Yamauchi et al., 2003) . Our present results agree with the earlier data showing that adiponectin ameliorates endothelial dysfunction ParkerBuffen et al., 2013) by reducing the production of ROS,
Figure 4
Effects of HFD and adiponectin treatment on mesenteric eNOS levels in W12m rats, compared with W6m rats. Representative mesenteric sections demonstrating decreased p-eNOS staining in W12m, HFD and HFDV arteries (B-D). Panel presents mesenteric arteries from W6m (A), W12m (B), HFD (C), HFDV (D) and HFDA (E) groups of rats. Panel (F) contains quantification of the red (p eNOS) to green fluorescence (total eNOS;t eNOS) ratio in the different groups of arteries. Data are mean ± SE (n = 11 animals per group). *P < 0.05, significantly different from W6m group; § P < 0.05, significantly different from W12m group; φ P < 0.05, significantly different from HFD group; Δ P < 0.05, significantly different from HFDV group.
promoting the coupling and activity of eNOS and increasing NO bioavailability (Chen et al., 2003; Tan et al., 2004; Cheng et al., 2007; Li et al., 2007; Zhu et al., 2008; Margaritis et al., 2013) . Others have also reported that adiponectin moderates endothelial function by inhibiting the pro-inflammatory kinase JNK, suppressing endothelial cell activation and apoptosis and promoting endothelial repair Meijer et al., 2013) . These favourable effects of adiponectin are mediated through its pleiotropic actions on several types of cells in the vasculature, including mature endothelial cells, endothelial progenitor cells, monocytes and smooth muscle cells (Zhu et al., 2008) .
Oxidative stress is now considered to play a key role in metabolic and vascular derangements with an imbalance arising from exaggerated production and reduced elimination of free radicals (Sena et al., 2014) . In this study, we present evidence that adiponectin exerts an antioxidative effect reducing superoxide anion and nitrotyrosine accumulation in mesenteric arteries. This anti-oxidative effect of adiponectin is one important mechanism underlying the normalization in endothelial dysfunction observed. Production of ROS reduces the bioavailability of NO as a result of the uncoupling of eNOS. In addition, the increased level of superoxide anions leads to the formation of peroxynitrite, which further aggravates the impairment of eNOS activity and reduces NO production (Pacher et al., 2007; Sena et al., 2011; Sena et al., 2014) . Adiponectin is known to inhibit both the basal and oxidized low density lipoprotein-induced ROS generation, possibly through the inhibition of NADPH oxidase in bovine endothelial cells (Motoshima et al., 2004) and in human umbilical vein endothelial cells by increasing glutathione levels (Plant et al., 2008) .
Here, we have shown a marked reduction in the levels of mesenteric p-eNOS (Ser 1177 ) during ageing and HFD.
Adiponectin treatment increased p-eNOS and normalized endothelium-dependent relaxation in HFD rats. The benefits of adiponectin treatment could be due to its antioxidant properties that lead to increased eNOS activation and a consequently increased NO bioavailability. Adiponectin enhances eNOS activity by stimulating phosphorylation at Ser 1177 through AMP-activated protein kinase and stabilization of the complex of Hsp90 and eNOS (Chen et al., 2003; Xi et al., 2005) . In a recent study in human vessels, local adiponectin promoted eNOS coupling, an effect mediated by PI3K/Akt-mediated phosphorylation of eNOS and vascular tetrahydrobiopterin bioavailability (Margaritis et al., 2013) . The first evidence for a paracrine vasodilator effect of PVAT-derived adiponectin was demonstrated by Greenstein et al. (2009) reported an increase in inflammatory cytokines in PVAT surrounding small arteries from obese subjects with metabolic syndrome, which was correlated with oxidative stress (Greenstein et al., 2009) . Ageing is also known to exacerbate endothelial dysfunction and vascular inflammation in HFD mice (Bailey-Downs et al., 2013) . These studies suggested that, as we found, there is a synergy between age and obesity-related alterations in PVAT that damage the vascular wall. HFD-induced obesity promotes a marked proinflammatory shift in the profile of secreted cytokines and chemokines which is associated with oxidative stress in PVAT (Bailey-Downs et al., 2013) . PVAT of New Zealand obese mice also exhibits inflammation and an
Figure 5
Effects of HFD and adiponectin treatment on systemic leptin/adiponectin ratio (A) and PVAT leptin levels (B, C) in W12m and W6m rats. PVAT lysates were analysed by SDS-PAGE. Representative Western blot analyses of leptin expression in PVAT of the different groups of rats (B). Averaged densitometric data for the different groups expressed as a percentage of elevation over the W6m value, set to 100% after normalisation to actin by densitometry. Data are mean ± SE (n = 11 animals per group). * P < 0.05, significantly different from W6m group; § P < 0.05, significantly different from W12m group; φ P < 0.05, significantly different from HFD group; ΔP < 0.05, significantly different from HFDV group. increase in oxidative stress, leading to endothelial dysfunction, the latter effect being due to decreased NO and enhanced superoxide generated by uncoupled eNOS (Marchesi et al., 2009) .
Adiponectin has anti-inflammatory properties confirmed by the ability to decrease systemic inflammatory biomarkers (Hui et al., 2012; Xu and Vanhoutte, 2012) as the ratio of L/A in this study. However, the effects of exogenous administration of adiponectin at the PVAT level are still undefined. In this study, we examined several characteristics of PVAT and observed that in aged and HFD rats, several adipokines, chemokines and hormones were changed in mesenteric PVAT. We have presented evidence that CCL2 and CCL5 were increased in PVAT of aged rats and were decreased after adiponectin treatment, indicating an inhibition of early inflammation in the PVAT of this animal model. Chemokines from PVAT, such as CCL2 and CCL5 induce the recruitment and infiltration of monocytes, lymphocytes and neutrophils into the blood vessel wall to stimulate local vascular inflammation (Libby et al., 2010) . Augmented CCL5 levels are known to be linked with atherosclerosis progression due to several mechanisms, such as the CCL5-related promotion of monocyte CCL2 production, macrophage accumulation and neointimal growth (Mason et al., 2015) .
In agreement with previous studies, we observed increased PVAT leptin levels with age and HFD. Increased leptin levels in PVAT promote neointima formation independent of obesity and systemic hyperleptinemia (Schroeter et al., 2013) . In Ossabaw swine with metabolic syndrome, increased leptin, derived from epicardial PVAT, exacerbated coronary endothelial dysfunction (Payne et al., 2010) . Similarly, an up-regulation of leptin in aortic PVAT was accompained by a reduced anti-contractile effect of PVAT. In a mouse model of diet-induced obesity, the increase in leptin levels correlated with a loss in PVAT-derived NO and eNOS (Gil-Ortega et al., 2009 ). Importantly, we have shown decreased levels of leptin in mesenteric PVAT after administration of adiponectin.
Lipocalin-2 is another proinflammatory adipokine positively associated with adiposity and obesity-related metabolic and vascular disorders (Wang, 2012) . Lipocalin-2 deficiency protects mice from developing ageing-and obesity-induced insulin resistance (Law et al., 2011) . It appears that lipocalin-2 acts as a lipid carrier to promote endothelium-dependent contractions and attenuate endothelium-dependent relaxations, by inducing eNOS uncoupling and elevating cyclooxygenase expression in endothelial cells (Liu et al., 2012) . Thus, lipocalin-2 seems to be an important regulator of vascular function. Previous studies have shown a negative association between plasma adiponectin and other markers of inflammation and atherosclerosis such as lipocalin-2 . In this study, we showed that lipocalin-2 levels in mesenteric PVAT
Figure 6
Effects of HFD and adiponectin treatment on chemokine (CCL2 and CCL5) levels in PVAT from W12m and W6m rats. (A, C) Representative Western blot analyses of CCL2 and CCL5 expressions in PVAT of the different groups of rats. (B, D) Averaged densitometric data for the different groups expressed as a percentage of elevation over the W6m value, set to 100% after normalisation to actin by densitometry. Data are mean ± SE (n = 11 animals per group). *P < 0.05, significantly different from W6m group; §P < 0.05, significantly different from W12m group; φ P < 0.05, significantly different from HFD group; ΔP < 0.05, significantly different from HFDV group.
were increased with ageing and HFD, and adiponectin administration decreased this adipokine. This is the first study to show increased levels of markers such as lipocalin-2, leptin, CCL2 and CCL5 in the PVAT of mesenteric arteries of obese rats, and chronic adiponectin administration reduced these changes. The unique efficacy of adiponectin in the normalization of mesenteric endothelial dysfunction is presumably not an expression of one mechanism alone but of the diverse and manifold properties of this adipokine.
We conclude that, in 12-month old Wistar rats fed with a HFD, endothelial dysfunction is very pronounced in mesenteric arteries. Chronic administration of adiponectin normalized endothelial dysfunction enhancing eNOS phosphorylation and reducing oxidative stress at the mesenteric level in HFD rats. Additionally, the PVAT was modified with increased inflammatory and pro-atherogenic biomarkers, and infusion of exogenous adiponectin normalized this PVAT phenotype. These findings support the concept of the central role of adiponectin as an important adipokine in the regulation of PVAT properties known to have vasocrine actions regulating vascular function. This has important implications for the treatment of vascular disease in patients with obesity and metabolic syndrome and suggests that globular adiponectin may have a therapeutic potential.
Figure 7
Effects of HFD and adiponectin treatment on lipocalin-2 levels in PVAT from W12m and W6m rats. (A) Representative Western blot analyses of lipocalin-2 expression in PVAT of mesenteric arteries of the different groups of rats. (B) Averaged densitometric data for groups expressed as a percentage of elevation over the W6m value, set to 100% after normalisation to actin by densitometry. Data are expressed as mean ± SE (n = 11 animals per group). *P < 0.05, significantly different from W6m group; §P < 0.05, significantly different from W12m group; φP < 0.05, significantly different from HFD group; ΔP < 0.05, significantly different from HFDV group.
